The formation mechanism of copper(II) carbodiimide in aqueous ammonia solution has been studied by synthetic and crystallographic means. The former can be also made by the thermal decomposition of the latter whereas mild oxidation of Cu 4 (NCN) 2 NH 3 leads to the formation of perfectly crystalline CuNCN.
Introduction
The motivation for carrying out exploratory syntheses in the fields of carbodiimides and cyanamides of the divalent magnetic transition metals (d 5 -d 9 ) is naturally linked with the structural and physical properties of these novel types of inorganic materials. [1] [2] [3] [4] [5] [6] [7] Among them, black powderous copper carbodiimide, CuNCN, stands for the nitrogen-based analogue of CuO, [2, 5] and CuNCN was first made in large, phase-pure and well-crystallized quantities only five years ago. [2] The synthetic difficulty lies in the fact that aforementioned M 2+ transitionmetal ions prefer to form cyanamide complexes in aqueous solution [8, 9] such that, as a charac-teristic example, Cu 2+ cations merely form coordination complexes like [Cu(NCNH 2 ) 4 ] 2+ from which the protons can not be fully removed. The brute-force alternative of a (strong) basic aqueous Cu(II) solution reacting with anionic cyanamide units, however, yields a black material whose amorphous nature renders its structure determination impossible. [10, 11] As said before, we were fortunate to discover a new synthetic approach for perfectly crystalline CuNCN a while ago. [2] The two-step method is essentially based on an ammine Cu(I) cyanamide compound, Cu 4 (NCN) 2 NH 3 , which can be obtained from the mild reaction of [Cu(NH 3 ) 2 ] + and H 2 NCN under aqueous ammonia conditions. [12] The likewise mild oxidation of Cu 4 (NCN) 2 NH 3 then yields the target phase CuNCN. Schematically, the entire procedure may be summarized as follows:
In order to come up with a less formal description, we have now examined the reaction mechanism of CuNCN formation in more detail. By doing so, the syntheses and crystal structures of two new solid-state copper(I) halide complexes have been accomplished, together with yet another new Cu(I) cyanamide solid-state material.
Experimental Section
In order to elucidate possible reaction pathways, alternative syntheses were tested, namely a total of six different preparations. = 655 (m).
Experiment 6:
Upon stirring the suspension from experiment 3 over night, 2 was slowly oxidized at room temperature due to the presence of small amounts of atmospheric oxygen within the reaction flask, thereby yielding black crystalline CuNCN. [2] X-ray Crystallography Structure data of 1a. The X-ray diffraction data were recorded at room temperature using a G670 Imageplate Guinier diffractometer (Huber, Rimsting) equipped with a Johansson Ge monochromator for Cu Kα 1 radiation and a flat sample holder in the 2θ range between 6 and 100°. The XRPD pattern of 1a indicated a pure phase such that its structure was determined using Rietveld analysis based upon the iso-structural model of 1b. The FULLPROF program package [21] was used with a pseudo-Voigt profile function, and the background data were manually subtracted by linear interpolation. Because of strongly preferred orientation and likewise asymmetric Bragg peaks, the atomic distances of Cu-N and C-N and the N-C-N angle had to be soft-restrained to yield reasonable bond lengths and a more reliable refine- Structure data of 1b. A complete set of X-ray intensities was collected with a Bruker SMART-CCD diffractometer using graphite-monochromatized Mo Kα radiation at T = 20 (1) °C and with the aid of the SMART and SAINT software packages. [22] A total Ewald sphere was collected and carefully corrected with respect to absorption using the empirical SADABS method. The crystal structure was then solved by Direct Methods and refined by alternating cycles of difference Fourier syntheses and full-matrix least-squares refinements with SHELXS-97 and SHELXL-97. [23] All non-hydrogen atoms were subjected to anisotropic re- Table 1 . Positional and displacement parameters are listed in Table 2 .
Results and Discussion
Reaction procedure. The reported synthesis of CuNCN is, in fact, a one-pot reaction. In this study, the synthetic procedure has been interrupted after each proposed intermediate species.
In order to characterize these intermediates, additional reactions have been carried out. found so far to allow for a reasonable crystal-structure refinement of the XRPD pattern.
In case a small amount of air was allowed to enter the mixture of 2 and the cyanamide solution, the solution itself changed rapidly to blue; the oxidation of the white precipitate 2, however, proceeded very slowly to eventually give black CuNCN. The latter phase forms with an exceptionally good crystallinity over night (Figure 1 ). The reduction of Cu(II) in the presence of coordinating ligands is an established method to obtain copper(I) complexes, [13, 14] The adjustment of the pH value plays a very important role in the entire procedure; in fact, the change of the pH value leads to the formation of four different compounds. While the pH value of the starting reaction mixture is about 4, the addition of the reducing agent leads to reaction 2 taking place in which the pH drops to about 1. Thus, the two solid-state complexes 1a and 1b can only exist under acidic conditions. Upon adding ammonia to the reaction solution and thereby attaining weakly basic conditions, the H 2 NCN species is deprotonated which leads to the synthesis of 3 as shown in reaction 3:
When the pH value exceeds 10, only 2 exists, a consequence of the law of mass action. Alternatively expressed, the structural stability of Cu 4 (NCN) 2 NH 3 (2) at room temperature exceeds the one of Cu 2 NCN (3). Likewise, it is not difficult to understand that the application of higher temperatures leads to the removal of weakly coordinating NH 3 from 2, thereby forming 3 by thermal decomposition (reaction 4).
The final oxidation step takes place under strongly basic (aqueous ammonia) conditions which is more effective and ensures the purity of the final product CuNCN by forming [13] [14] [15] [16] [17] To the best of our knowledge, the use of a stable copper(I) complex to synthesize a copper(II) target compound is very rare. The main advantage of our method is that the oxidation of suspended 2 is taking place quite slowly in order to form well-crystallized CuNCN (reaction 5).
Crystal structure. A large number of different structures for Cu(I) halide complexes have been identified depending on the nature of ligand as well as the composition. [14] [15] [16] [17] In the present case, the structures of 1a and 1b are of the same type, despite the fact that Cu(NH 3 )Cl forms linear NH 3 -Cu-Cl units whereas Cu(NH 3 )Br does not exist; instead, the phase [Cu(NH 3 ) 2 ]Br has been described. [14] The structures of 1a and 1b may be well compared with the one of copper(I) iodide pyridine, [CuI(NC 5 H 5 )] 4, with a four-coordinated Cu(I) to which three halides and one N from the ligand bonds. [18] In the case of 1a and 1b, one finds infinite one-dimensional chains of [-Cu(NCNH 2 )X-] n (see Figure 2 ) which consist of tetrahedrally coordinated Cu(I) ions, that is, bonded to three halide atoms (2 × 2.47(3) and 1 × 2.40(3) Å for Cu-Cl in 1a; 2 × 2.536(2) and 1 × 2.510(3) Å for Cu-Br in 1b) and to one nitrogen atom from the C-N single bond side (Cu-N = 2.04(3) in 1a and 1.92(2) Å in 1b) that stems from the cyanamide molecule (see Figure 3) . The H 2 NCN unit shows the typical cyanamide shape with one single C-N bond of 1.35(2) Å and one triple bond of 1.11(2) Å refined for 1b; for the 1a Rietveld-based structure, the carbon-nitrogen bond lengths had to refined with restraints (1.10(4) and 1.27(4) Å) but the structure of H 2 NCN should not have too much deviation. As is evident from Table 3 , there exist no strong hydrogen bonds in the crystals. Comparing with much shorter Cu-Cu distances of 2.979(1) Å in Cu(NH 3 )Cl [14] and 2.453(1)Å in Cu 2 (C 7 N 3 H 12 ) 2 , [19] the Cu-Cu distances in 1a and 1b are about 3.0 Å and indicate nonbonding Cu-Cu interactions. [20] It is quite interesting that the NCN cores of the cyanamide molecules exhibit different structures in the two intermediates 1a and 2 as compared with CuNCN. In Cu(H 2 NCN)Cl, we have a cyanamide molecule with a single C-N and a triple C≡N bonds (see above), and the same is found for Cu 4 (NCN) 2 NH 3 despite containing an anion. In CuNCN, the "harder" Cu(II) atom bonds to the NCN 2-unit which exists in the carbodiimide shape, namely with two double C=N bonds. Obviously, the molecular shape depends on the counter cation, the coordination motif and also the crystal packing.
Conclusions
The reaction mechanism of the formation of copper(II) carbodiimide has been analyzed by using chemical and crystallographic means. The results indicate the presence of at least three new intermediates, two of which have been characterized in terms of their crystal structures.
The crystal-structural determination of Cu 2 NCN is still in progress. The entire reaction scheme may be formulated as follows:
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